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Most  proton-conducting  membranes  based  on  sulfonated  aromatic  polymers  exhibit  significant  dimen¬ 
sional  change  by  hydration,  and  this  leads  to  degradation  of  fuel  cell  performance  on  prolonged  operation. 
In  this  study,  as  a  means  of  improving  the  stability  of  a  polymer  electrolyte  membrane  fuel  cell,  compos¬ 
ite  membranes  employing  a  porous  poly(vinylidene  fluoride)  (PVdF)  substrate  and  sulfonated  poly(ether 
ether  ketone)  (sPEEK)  electrolyte  are  prepared  and  their  hydration  behaviours,  including  water  uptake 
and  dimensional  change,  are  examined.  The  electrochemical  characteristics  of  membrane/electrode 
assemblies  using  the  sPEEK/PVdF  composite  membrane  are  also  analyzed.  The  initial  cell  performance 
is  comparable  with  that  of  a  cell  based  on  a  pure  sPEEK  membrane.  Furthermore,  the  stability  of  the 
cell  using  the  sPEEK/PVdF  composite  membrane  is  considerably  improved  during  a  humidity  cycle  test 
wherein  hydration  and  dehydration  are  periodically  repeated. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  have  been 
developed  to  produce  efficient  and  environmentally  friendly 
energy  for  stationary,  transportation,  and  portable  applications 
[1].  In  the  PEMFC,  a  proton-conducting  polymer  is  employed 
as  the  membrane.  Perfluorinated  sulfonic  acid-based  ionomers, 
such  as  Nation®  produced  by  Du  Pont,  are  the  most  widely  used 
membranes  due  to  their  high  proton  conductivity,  high  chemi¬ 
cal/electrochemical  stability,  and  good  mechanical  strength  [2].  It 
is  generally  understood,  however,  that  a  Nation  membrane  has 
several  critical  drawbacks,  such  as  high  cost,  high  fuel  permeabil¬ 
ity,  and  limited  operational  temperature.  In  seeking  substitutes  for 
Nation  membranes,  numerous  alternative  membranes  have  been 
proposed  and  most  are  sulfonated  aromatic  polymer  membranes, 
e.g.,  including  sulfonated  poly(arylene  ether  sulfone),  sulfonated 
poly(ether  ether  ketone)  (sPEEK),  sulfonated  polyimide  [3-5].  In 
general,  these  alternative  membranes  are  designed  to  have  a 
large  number  of  sulfonic  acid  groups  so  as  to  obtain  high  pro¬ 
ton  conductivity,  and  thus  high  ion  exchange  capacity  (IEC).  High 
IEC  derived  from  a  high  concentration  of  acid  groups  results 
in  substantial  water  uptake,  and  such  membranes  exhibit  poor 
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dimensional  stability  due  to  polymer  expansion  by  hydration  [6]. 
Upon  humidity  cycling  during  cell  operation,  the  membrane  under¬ 
goes  dimensional  changes,  while  a  relatively  rigid  electrode  tends 
to  maintain  its  original  dimensions.  Even  if  the  membrane  and 
the  electrode  are  initially  well  bonded,  the  difference  in  hydration 
behaviour  can  cause  mechanical  stress  between  these  two  compo¬ 
nents.  Sulfonated  aromatic  polymer  membranes  including  a  sPEEK 
membrane,  exhibit  higher  water  uptake  than  Nation  and  thus  the 
dimensional  change  of  the  membrane-electrode  assembly  (MEA) 
based  on  sulfonated  aromatic  polymer  membranes  becomes  much 
more  significant.  This  causes  an  apparent  edge  failure  between  the 
membrane  and  the  electrode  after  long-term  operation  of  a  PEMFC 
that  is  likely  one  of  the  main  reasons  for  poorer  cell  durability  [7]. 

To  minimize  the  dimensional  change  of  the  membrane,  there 
have  been  several  attempts  to  prepare  composite  membranes  that 
comprise  a  porous  substrate  and  a  polymer  electrolyte  which  fills 
the  porous  substrate  [8].  The  composite  membrane  can  achieve 
high  dimensional  stability  because  the  introduction  of  a  porous 
substrate  suppresses  membrane  swelling  by  hydration.  To  this  end, 
most  work  in  this  regard  has  concentrated  on  the  properties  of 
the  membrane  itself  or  on  the  initial  cell  performance  behaviour 
[9-11].  Although  there  have  been  a  few  reports  that  fuel  cells  with 
composite  membranes  employing  a  porous  substrate  show  good 
stability  for  a  certain  period  of  time  [12,13],  a  clear  explanation  of 
the  influence  of  the  dimensional  stability  of  the  membrane  on  cell 
durability  has  yet  to  be  offered. 
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Fig.  1.  Molecular  structure  of  sPEEK  (DS  65%). 


To  evaluate  the  effect  of  membrane  stability  on  the  cell  durabil¬ 
ity,  this  study  compares  the  performance  of  a  fuel  cell  based  on  a 
composite  membrane  with  that  based  on  a  pure  sPEEK  membrane. 
Given  that  the  dimensional  change  of  the  membrane  is  usually 
very  sensitive  to  humidity,  the  change  in  cell  performance  with 
humidity  cycling  is  examined. 

2.  Experimental 

2.1.  Preparation  of  porous  PVdF  substrate  and  morphological 
analysis 

Porous  substrates  were  prepared  using  PVdF  (SOLEF6020, 
Solvay  Solexis)  and  diphenyl  phthalate  (DPhP)  as  materials  for  the 
matrix  and  the  pore  former,  respectively.  First,  10  wt.%  solutions  of 
PVdF  and  DPhP  in  N,N-dimethylacetamide  (DMAc)  were  prepared 
independently,  and  then  mixed  with  different  ratios  to  provide 
porous  substrates  that  had  a  range  of  porosities.  The  mixtures  were 
then  cast  on  a  glass  plate  using  a  doctor  blade  to  control  the  thick¬ 
ness  of  the  porous  substrate.  The  cast  mixtures  were  dried  at  70  °C 
for  24  h,  and  subsequently  at  1 00  °C  for  a  following  24  h.  After  dry¬ 
ing,  they  were  impregnated  with  methanol  to  extract  DPhP  and 
repeatedly  washed  for  complete  extraction  of  DPhP  to  produce  a 
porous  PVdF  substrate.  A  porous  substrate  fabricated  with  greater 
than  70  wt.%  of  DPhP  could  not  yield  a  self-standing  film  and  thus 
porous  PVdF  substrates  made  with  less  than  60  wt.%  of  DPhP  are 
used  in  this  study. 

To  analyze  the  pore  structure  of  the  PVdF  substrate,  the  poros¬ 
ity  was  measured  by  mercury  porosimetry  (Autopore  IV  9500, 
Micrometries).  Both  surface  and  cross-sectional  images  were  also 
obtained  by  means  of  scanning  electron  microscopy  (SEM)  (Sirion, 
FEI). 

2.2.  Preparation  of  sPEEK/PVdF  composite  membranes 

sPEEK  was  prepared  by  sulfonation  of  poly(ether  ether  ketone) 
(Aldrich)  according  to  a  procedure  reported  elsewhere  [14,15].  The 
degree  of  sulfonation  of  the  resulting  polymer  was  65%  and  its 
molecular  structure  is  shown  in  Fig.  1.  Before  filling  the  pores  with 
sPEEK  solution,  sPEEK  was  swollen  in  deionized  water  at  80  °C  and 
1 -propanol  was  subsequently  added  under  stirring  and  continuous 
heating. 

For  filling  the  polymer  electrolyte  into  the  porous  substrate,  the 
sPEEK  solution  was  poured  on  the  surface  of  the  porous  PVdF  sub¬ 
strate  to  extend  over  the  glass  plate  and  impregnated  the  empty 
pores  of  the  substrate  by  the  force  of  gravity.  After  drying  in  an  oven 
at  70  °C  for  24  h,  the  film  was  reversed  and  the  sPEEK  solution  was 
again  poured  on  the  surface  of  the  substrate.  The  same  drying  pro¬ 
cess  as  described  above  was  repeated.  After  four  repeated  filling  and 
drying  processes,  a  sPEEK/PVdF  composite  membrane  was  even¬ 
tually  obtained.  The  composite  membrane  was  fully  protonated 
using  a  1.0  M  sulfuric  acid  solution  at  room  temperature  for  24  h, 
followed  by  thorough  rinsing  with  deionized  water.  To  ensure  com¬ 
plete  filling  of  the  sPEEK  electrolyte  into  the  porous  PVdF  substrate, 
a  cross-sectional  SEM  image  of  the  sPEEK/PVdF  composite  mem¬ 
brane  was  examined.  For  comparison,  a  pure  sPEEK  membrane  was 


also  prepared  by  a  solution  casting  method.  The  sPEEK  solution 
(10  wt.%)  in  N-methyl-2-pyrrolidone  (NMP)  was  directly  cast  on 
a  clean  glass  plate,  and  dried  at  70  °C  for  24  h  and  subsequently 
under  vacuum  at  120  °C  for  the  following  24  h.  The  protonation 
process  of  the  sPEEK  membrane  was  the  same  as  that  applied  for 
the  sPEEK/PVdF  composite  membrane. 

2.3.  Characterization  of  sPEEK/PVdF  composite  membrane 

To  investigate  the  change  in  mechanical  properties  by  hydra¬ 
tion,  the  tensile  strength  of  the  pure  sPEEK  membrane  and  the 
sPEEK/PVdF  composite  membrane  was  measured  in  both  dry  and 
hydrated  states  using  a  universal  testing  machine  (INSTRON  5583). 
To  attain  a  hydrated  state,  membranes  were  immersed  in  deionized 
water  at  room  temperature  for  24  h  and  their  tensile  strength  was 
measured  immediately  after  removal  from  the  water  bath. 

Water  uptake  and  dimensional  change  were  also  measured  by 
the  differences  in  weight  and  dimensions  between  the  dry  and  the 
wet  membranes.  The  wet  membrane,  after  soaking  in  deionized 
water  at  65  °C  for  1  h,  was  wiped  and  its  weight,  length  and  thick¬ 
ness  were  measured  immediately.  The  dry  membrane  was  obtained 
by  vacuum  drying  at  120°C  for  at  least  24  h.  The  water  uptake 
and  the  dimensional  change  A l  (or  At)  of  the  membranes  were 
calculated  as  follows: 

Wwet  —  Wrirv 

Water  uptake  (%)  = - — - -  x  100  (1) 

kl'dry 

a;  (or  A^Jwet  -Zdry  /  fwet  -  tdry  \  ^qq  (2) 

‘dry  y  ^dry  J 

where  Wwet,  Wt,  and  twe t  are  the  weight,  length  and  thickness  of 
the  wet  membrane,  respectively,  and  Wdry,  /dry,  and  tdry  are  the 
corresponding  values  for  the  dry  membrane. 

The  through-plane  ion  conductivities  of  sPEEK/PVdF  compos¬ 
ite  membranes  in  deionized  water  at  65  °C  were  determined  by 
mean  of  a.c.  impedance  spectroscopy  measurements  (1400  FRA 
and  1470E,  Solartron)  over  a  frequency  range  from  106  to  1  Hz.  As 
shown  in  Fig.  2(a),  the  membrane  was  held  between  two  carbon 
papers  (TGPH090,  Toray)  connecting  copper  foil  and  were  mounted 
on  polytetrafluoroethylene  (PTFE)  moulds  with  an  open  window. 
The  conductivity  cell  was  clamped  tightly  by  four  bolts  and  nuts. 
For  through-plane  conductivity  measurements,  the  electrode  must 
have  the  ability  to  pass  water  as  well  as  the  ability  to  conduct 
electrons,  and  therefore  carbon  paper  with  a  high  porosity,  78%, 
was  employed.  A  photograph  of  the  conductivity  cell  after  assem¬ 
bling  the  membrane,  carbon  papers  and  PTFE  moulds  is  given  in 
Fig.  2(b).  To  eliminate  the  interfacial  resistance  between  the  mem¬ 
brane  and  the  electrode,  the  resistance  of  membranes  with  different 
thicknesses  was  examined  and  the  through-plane  conductivity  was 
calculated  on  the  basis  of  the  difference  in  resistance  between  two 
membranes  with  different  thicknesses. 

2.4.  Fabrication  ofMEAs  and  single  cell  test 

To  fabricate  MEAs  for  the  cell  test,  the  sPEEK/PVdF  composite 
membranes  were  sandwiched  between  two  gas-diffusion  elec- 
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Fig.  2.  (a)  Schematic  illustration  of  preparation  process  for  through-plane  conductivity  measurements  and  (b)  photographic  image  of  a  conductivity  cell. 


trodes  (LT 140E-W,  ETEK)  by  hot-pressing  at  130  °C  for  5  min  under 
1 500  psi.  The  gas-diffusion  electrode  was  composed  of  a  hydropho¬ 
bic  gas-diffusion  layer  and  an  electrocatalyst  layer  incorporating  an 
ionomer.  The  geometric  electrode  area  was  25  cm2  and  Pt  loading 
was  0.5  mg  cm-2  on  both  the  anode  and  the  cathode. 

For  current-voltage  polarization,  MEAs  were  connected  to  a  test 
station  equipped  with  an  electronic  load  (SMART  II,  Won-A  Tech, 
Korea).  The  anode  was  fed  with  humidified  hydrogen  gas  at  a  flow 
rate  of  500  cm3  s-1  and  the  cathode  was  fed  with  air  at  a  flow  rate 
of  1500  cm3  s-1  without  back-pressure.  For  the  100%  RH  condi¬ 
tion,  the  humidifier  temperature  was  set  to  65  °C,  i.e.,  the  same 
as  the  cell  temperature,  and  the  temperature  of  the  gas  inlet-line 
was  maintained  at  70-75  °C  to  prevent  the  condensation  of  the 
humidified  gas  into  liquid  water.  After  sufficient  humidification, 
the  current- voltage  curve  of  each  MEA  was  obtained  at  65  °C  and, 
to  analyze  the  voltage  loss  with  the  current,  impedance  measure¬ 
ments  were  also  performed.  The  frequency  range  was  from  104  to 
10-1  Hz  and  the  impedance  spectra  were  reported  at  0.6  V  of  the 
cell  potential. 

2.5.  Humidity  cycle  tests 

After  initial  evaluation  of  the  performance  of  the  PEMFC,  humid¬ 
ity  cycling  tests  were  conducted  to  examine  the  effect  of  the 
porous  substrate  on  cell  performance  under  such  conditions.  For 
this  experiment,  non-humidified  and  fully  humidified  nitrogen  gas 
at  a  flow  rate  of  1000  cm3  s-1  was  supplied  in  turn  every  30  min. 
During  the  dehydration  process,  the  gas  line  was  not  connected 
with  the  humidifier,  whereas  fully  humidified  gas  was  supplied 
from  the  humidifier  during  the  hydration  process.  Current-voltage 
curves  were  taken  every  10  humidity  cycles. 

3.  Results  and  discussion 

3.1.  Preparation  of  porous  PVdF  substrates 

Among  the  several  methods  available  to  prepare  a  porous  sub¬ 
strate,  the  method  of  phase-inversion  induced  by  a  non-solvent 
has  been  widely  used  due  to  its  simplicity.  During  this  process,  a 
polymer-rich  phase  forms  a  solid  substrate  while  a  polymer-poor 
phase  generates  liquid-filled  pores  [16,17].  In  general,  morphology 
control  of  the  porous  substrate  is  rather  complicated,  as  it  is  depen¬ 
dent  on  the  exchange  rate  as  well  as  the  compatibility  between 
the  solvent  and  non-solvent  [18,19].  In  addition,  porous  substrates 
originating  from  phase-inversion  exhibit  a  significant  imbalance 
of  pore  structure:  a  circle-type  pore  is  formed  in  the  top  layer 


whereas  a  sponge-  or  finger-type  pore  is  formed  in  the  sub-layer 
of  the  substrate.  Thus,  in  this  experiment,  porous  PVdF  substrates 
were  prepared  by  extraction  of  a  pore  former,  DPhP,  rather  than 
by  phase-inversion.  In  addition  to  its  simplicity,  another  advantage 
of  the  preparation  method  using  a  pore  former  is  the  formation  of 
a  homogeneous  pore  structure  that  endows  the  composite  mem¬ 
brane  with  uniform  characteristics  over  the  whole  membrane.  The 
resulting  pore  structure  created  with  a  pore  former  is  shown  in 
Fig.  3.  According  to  surface  and  cross-sectional  SEM  images  of  the 
porous  substrate,  an  isotropic  pore  structure  is  formed  in  both  the 
in-plane  and  the  through-plane  directions.  The  thickness  of  the 


Fig.  3.  SEM  images  of  (a)  surface  and  (b)  cross-section  of  porous  PVdF  substrates. 
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Table  1 

Porosity  of  three  different  porous  PVdF  substrates :  XX  in  label  “P-XX”  denotes  weight 
percent  (wt.%)  of  pore  former  in  mixture  of  PVdF  and  DPhP. 


P-XX 

PVdF: DPhP  (wt.%) 

Porosity  (%) 

P-40 

60:40 

60.5 

P-50 

50:50 

68.4 

P-60 

40:60 

76.0 

porous  substrate  was  controlled  by  the  thickness  of  the  doctor 
blade,  and  porous  PVdF  substrates  with  roughly  20-40  fxm  thick¬ 
ness  were  used  to  fabricate  MEAs. 

The  porosity  of  the  PVdF  substrate  was  evaluated  by  mercury 
porosimetry  and  was  shown  to  increase  with  the  content  of  pore 
former.  Since  a  substrate  with  low  porosity  could  not  accommo¬ 
date  a  sufficient  amount  of  sPEEK  electrolyte  for  proton  conduction, 
PVdF  substrates  with  a  porosity  higher  than  50%  were  chosen  in 
this  study.  In  addition,  as  described  previously,  with  greater  than 
70  wt.%  pore  former  a  self-standing  substrate  could  not  be  fabri¬ 
cated,  and  thus  three  different  appropriate  porous  PVdF  substrates 
were  selected,  as  listed  in  Table  1 .  In  the  list,  XX  denotes  the  weight 
percent  (wt.%)  of  the  pore  former  in  the  mixture  of  PVdF  and  DPhP. 

3.2.  Preparation  of  sPEEK/PVdF  composite  membrane 

For  the  sPEEK/PVdF  composite  membrane,  sPEEK  was  impreg¬ 
nated  into  a  porous  PVdF  substrate.  Since  several  effective  solvents 
for  sPEEK,  such  as  NMP,  N,N-dimethylformamide  and  DMAc,  can 
also  dissolve  PVdF,  they  were  not  used  as  solvents  or  the  electrolyte 
solution.  It  is  well  known  that  PVdF  has  good  wettability  with  alco¬ 
hol  and  thus  an  alcohol/water  mixture  was  used  as  a  solvent  for  the 
electrolyte  solution.  Although  sPEEK  cannot  dissolve  in  pure  alco¬ 
hol,  its  solubility  is  reported  to  improve  significantly  after  swelling 
in  water  [20]. 

After  filling  the  electrolyte  into  the  substrate,  an  SEM  image 
of  the  sPEEK/PVdF  composite  membrane  was  taken  to  evaluate 
whether  the  sPEEK  electrolyte  completely  filled  the  pores  of  the 
substrate.  It  was  ascertained  that  four  repeats  of  the  electrolyte 
filling  process  was  sufficient  for  complete  filling  of  the  electrolyte. 
A  cross-sectional  SEM  image  of  the  composite  membrane  after  car¬ 
rying  out  the  filling  procedure  four  times  is  presented  in  Fig.  4.  The 
image  reveals  that  the  pores  of  the  PVdF  substrate  are  well-filled 
with  sPEEK  electrolyte.  The  resulting  composite  membranes  were 
labeled  “cP-XX”,  which  designates  a  composite  membrane  using  a 
porous  substrate  P-XX. 


Fig.  4.  Cross-sectional  SEM  image  of  sPEEK/PVdF  composite  membrane  after  injec¬ 
tion  of  electrolyte. 


Table  2 

Mechanical  strength  of  several  membranes  in  dry  and  hydrated  states. 


Tensile  strength  (MPa) 

Dry  state 

Hydrated  state 

cP-40 

58.3 

29.5 

cP-50 

53.7 

25.6 

cP-60 

53.1 

25.0 

Nafion 112 

26.3 

20.5 

sPEEK 

44.2 

9.0 

3.3.  Effect  of  porous  substrate  on  membrane  properties 

The  mechanical  strength  of  the  sPEEK/PVdF  composite  mem¬ 
branes,  Nation  112,  and  the  pure  sPEEK  membrane,  in  both  dry 
and  hydrated  states,  is  listed  in  Table  2.  Since  the  porous  PVdF 
substrate  acts  as  a  mechanical  support,  the  tensile  strength  of  the 
composite  membranes  is  higher  than  that  of  Nation  112  and  the 
pure  sPEEK  membrane,  respectively,  and  the  improvement  is  espe¬ 
cially  noticeable  in  the  hydrated  state.  It  is  well  known  that,  because 
water  in  the  membrane  can  act  as  a  plasticizer,  a  hydrated  mem¬ 
brane  possesses  lower  mechanical  strength  than  a  dry  membrane; 
accordingly,  the  mechanical  strength  of  all  the  membranes  studied 
in  this  work  decreases  after  hydration.  In  comparison  with  the  pure 
sPEEK  membrane,  however,  the  loss  of  mechanical  strength  with 
hydration  is  considerably  reduced  for  the  sPEEK/PVdF  composite 
membrane.  This  is  because  the  high  hydrophobicity  of  PVdF  effec¬ 
tively  prevents  the  composite  membrane  from  absorbing  water 
and  thereby  the  effect  of  water  as  a  plasticizer  becomes  less  sig¬ 
nificant.  In  other  words,  the  relatively  high  tensile  strength  of  the 
sPEEK/PVdF  composite  membrane  in  the  hydrated  state  results 
from  a  combination  of  the  hydrophobicity  of  PVdF  itself  and  the 
effect  of  the  porous  substrate  as  a  mechanical  support. 

To  investigate  the  effect  of  porous  PVdF  substrates  on  mem¬ 
brane  swelling,  the  water  uptake  and  the  dimensional  change  of  the 
sPEEK/PVdF  composite  membrane  were  measured;  the  results  are 
summarized  in  Table  3.  The  water  uptake  was  based  on  the  weight 
of  both  the  sPEEK/PVdF  composite  membrane  and  only  sPEEK  in 
the  composite  membrane.  Although  the  former  increases  slightly 
with  the  content  of  pore  former  and  the  latter  is  similar  irrespec¬ 
tive  of  the  porous  substrate,  both  values  are  much  lower  than  those 
of  the  pure  sPEEK  membrane.  In  addition,  the  dimensional  stabil¬ 
ity  of  the  composite  membrane  increases  remarkably  compared 
with  that  of  the  pure  sPEEK  membrane.  This  is  because  the  high 
hydrophobicity  of  PVdF  and  the  good  mechanical  strength  of  the 
porous  PVdF  substrate  enhance  the  dimensional  stability  of  the 
composite  membrane. 

To  evaluate  the  ability  to  conduct  protons,  through-plane  pro¬ 
ton  conductivities  of  the  sPEEK/PVdF  composite  membrane  were 
measured  in  deionized  water  at  65  °C.  In  the  measurement  of 

Table  3 

Water  uptake,  dimensional  stability,  and  through-plane  conductivities  of  several 
membranes:  prefix  c  in  label  “cP-XX”  denotes  composite  membrane  using  porous 
substrate  P-XX. 


Water  uptake  Dimensional  Proton  conductivity 

(wt.%)  change  (%)  (Scm-1) 


Al 

At 

Av 

cP-40 

20a/42b 

5 

8 

19 

0.018 

cP-50 

24a/43b 

7 

11 

27 

0.022 

cP-60 

27a/41b 

7 

12 

28 

0.024 

Nafion  112 

40 

18 

18 

64 

0.040 

sPEEK 

88 

28 

25 

105 

0.036 

a  Water  uptake  based  on  weight  of  dry  sPEEK/PVdF  composite  membrane. 
b  Water  uptake  based  on  weight  of  sPEEK  in  dry  sPEEK/PVdF  composite  mem¬ 
brane. 
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through-plane  conductivities,  there  are  several  factors  that  should 
be  considered  including  the  electrode  resistance  and  the  interfacial 
resistance  between  the  electrode  and  membrane  [21  ].  To  eliminate 
the  effects  of  these  factors  on  proton  conductivities,  the  resistances 
of  membranes  with  different  thicknesses  were  measured  and  their 
differences  were  calculated.  In  the  evaluation  of  proton  conductiv¬ 
ity,  the  values  of  differences  in  the  resistance  and  in  the  membrane 
thickness  were  employed  instead  of  the  direct  values  of  the 
resistance  and  the  membrane  thickness.  The  through-plane  con¬ 
ductivities  of  the  composite  membrane,  the  pure  sPEEK  membrane 
and  Nafion  membrane  are  shown  in  Table  3.  For  through-plane 
conductivity  measurements  of  the  Nafion  membranes,  Nafion  112 
membrane  with  51  p,m  and  Nafion  115  membrane  with  127  pan 
were  used.  As  shown  in  Table  3,  although  the  proton  conductiv¬ 
ities  of  the  sPEEK/PVdF  composite  membranes  increase  with  the 
pore  former  content,  they  are  lower  than  those  of  the  Nafion  and 
pure  sPEEK  membranes,  respectively.  Since  the  porous  substrate 
has  no  ionic  groups  such  as  with  sulfonic  acid,  the  number  of  pro¬ 
ton  sources  for  the  composite  membrane  is  smaller  than  that  for 
the  pure  sPEEK  membrane,  and  therefore  the  proton  conductivity  is 
somewhat  sacrificed.  The  ability  of  the  porous  substrate  to  provide 
mechanical  support,  however,  makes  it  possible  to  form  a  thinner 
composite  membrane  which,  in  turn,  can  provide  a  shorter  path¬ 
way  for  proton  conduction.  The  loss  of  proton  conductivity  caused 
by  the  reduction  in  the  number  of  proton  sources  could  thus  be 
compensated  using  a  thin  composite  membrane. 

The  through-plane  conductivities  of  the  pure  sPEEK  membrane, 
which  is  known  to  be  an  isotropic  membrane  [21  ],  are  around  only 
30%  of  the  in-plane  conductivities,  as  reported  in  a  previous  study 
[22].  It  appears  that  the  hydrophobic  property  of  carbon  paper 
hinders  hydration  of  the  membrane  for  through-plane  proton  con¬ 
duction,  even  though  carbon  paper  has  a  higher  porosity  and  also 
the  PTFE  mould  has  an  open  window  providing  exposure  to  water. 

3.4.  Effect  of  porous  substrate  on  initial  cell  performance 

To  investigate  the  effect  of  the  porous  substrate  on  initial  cell 
performance,  several  MEAs  were  fabricated  using  the  sPEEK/PVdF 
composite  membrane,  a  pure  sPEEK  membrane,  and  a  Nafion  112 
membrane.  Two  composite  membranes  with  different  thicknesses 
were  employed  to  fabricate  MEAs  and  the  thickness  of  the  first 
membrane  was  40  p,m,  corresponding  with  that  of  the  pure  sPEEK 
membrane.  The  other  membrane  had  a  thickness  of  22  f±m,  which 
was  selected  to  evaluate  the  effect  of  membrane  thickness  on 
cell  performance.  For  these  two  composite  membranes,  the  same 
porous  substrate,  P-60,  was  used,  as  this  membrane  showed  rela¬ 
tively  high  proton  conductivity  compared  with  the  other  composite 
membranes.  The  cell  was  operated  at  65  °C  and  the  humidifier  tem¬ 
perature  of  both  the  fuel  and  the  oxidant  was  also  65  °C.  As  shown 
in  Fig.  5,  the  cell  based  on  a  cP-60  membrane  with  40  fxm  thick¬ 
ness  gives  much  poorer  performance  than  cells  based  on  Nafion 
112  or  a  pure  sPEEK  membrane,  and  this  appears  to  be  due  to  the 
lower  proton  conductivity  of  the  cP-60  membrane.  For  the  thinner 
cP-60  membrane  (22  pan),  however,  the  cell  performance  is  much 
better;  this  implies  that  the  lower  thickness  of  the  composite  mem¬ 
brane  can  compensate  for  the  poorer  conductivity  of  the  composite 
membrane  in  the  overall  performance  of  the  cell. 

Fig.  6  shows  the  impedance  spectra  at  0.6  V,  at  which  there  are 
two  intersections  with  the  real  axis  of  the  applied  frequency.  The 
smaller  one  obtained  at  high  frequency  is  related  to  the  ohmic 
resistance  and  the  interval  between  two  intersections  represents 
the  charge-transfer  resistance  by  the  electrochemical  reaction  at 
the  electrode  [23].  As  shown  in  Fig.  6,  the  charge-transfer  resis¬ 
tance  is  similar  irrespective  of  the  type  of  membranes  employed  in 
each  MEA,  because  the  electrode  reactivity  would  be  similar  when 
using  the  same  electrode  in  the  MEAs.  By  contrast,  whereas  the 


Fig.  5.  Initial  cell  performance  of  four  different  MEAs  at  65  °C:  humidified  H2  gas 
and  air  supplied  to  anode  and  cathode,  respectively. 
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Fig.  6.  Impedance  spectra  of  four  different  MEAs  during  cell  operation  at  a  d.c. 
potential  of  0.6  V. 


thick  cP-60  membrane  has  a  large  ohmic  resistance,  the  thin  cP-60 
membrane  has  an  ohmic  resistance  similar  to  that  of  the  Nafion  112 
and  pure  sPEEK  membranes.  The  ohmic  resistance  is  related  to  the 
flow  of  electrons  through  the  electrode  and  the  various  intercon¬ 
nections  as  well  as  the  flow  of  protons  through  the  membrane  [24]. 
As  all  MEAs  were  assembled  using  the  same  components  except  for 
the  membrane  in  this  experiment,  the  difference  in  the  membrane 
resistance  can  be  regarded  as  the  main  reason  for  the  difference  of 
ohmic  resistance.  It  is  thus  concluded  that  the  reduced  ohmic  resis¬ 
tance  of  the  thin  composite  membrane  is  due  to  a  shorter  proton 
pathway  compared  with  the  thick  composite  membrane. 

3.5.  Change  of  cell  performance  during  humidity  cycling 

According  to  the  variables  to  be  controlled,  there  are  several 
types  of  accelerated  durability  tests,  for  example,  high-temperature 
operation,  humidity  cycle  tests,  Open-circuit  voltage  (OCV)  tests, 
and  freeze/thaw  tests  [25-28].  It  is  important  to  select  test  con¬ 
ditions  that  are  suitable  for  the  research  objective;  for  example, 
an  OCV  durability  test  can  be  used  to  investigate  chemical  decom¬ 
position  of  the  perfluorinated  ionomer  membrane  by  measuring 
the  emission  of  fluoride  ions  [27].  In  this  study,  a  humidity  cycle 
test  was  chosen  to  evaluate  the  effect  of  the  composite  membrane 
with  improved  dimensional  stability  on  cell  durability.  For  this  test, 
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#  of  humidity  cycle 

Fig.  7.  Variations  of  current  density  with  humidity  cycling  at  65  °C:  response  of  current  density  is  obtained  at  0.6  V  in  current-voltage  curves  measured  every  10  humidity 
cycles. 


repeated  hydration  and  dehydration  was  intensively  imposed  on 
three  MEAs  employing  Nation  112,  pure  sPEEK,  and  a  thin  cP-60 
membrane.  An  H2/air  supply  can  cause  chemical  degradation,  and 
thus  it  becomes  difficult  to  distinguish  the  contribution  from  phys¬ 
ical  degradation  by  dimensional  change  from  various  other  factors 
contributing  to  cell  degradation  behaviour.  For  this  reason,  nitrogen 
gas  was  supplied  during  the  humidity  cycle  test. 

The  change  in  current  density  at  0.6  V  in  the  current-voltage 
curves,  measured  every  10  humidity  cycles,  is  presented  in  Fig.  7. 
The  cell  performance  using  the  pure  sPEEK  membrane  clearly 
decreases  with  humidity  cycles  and  the  current  density  after  200 
humidity  cycles  is  less  than  60%  of  the  initial  value.  The  cell  using 
a  Nation  112  membrane  also  suffers  gradual  degradation  in  per¬ 
formance  after  100  humidity  cycles,  although  the  decay  is  less 
significant  than  that  of  a  cell  based  on  a  pure  sPEEK  membrane. 
On  the  other  hand,  the  current  density  of  the  cell  based  on  the 
cP-60  membrane  is  stable  over  the  entire  humidity  cycle  period. 
Considering  the  significant  degradation  of  the  pure  sPEEK  mem¬ 
brane  during  humidity  cycling,  this  improvement  in  performance 
stability  of  the  cell  based  on  the  cP-60  membrane  is  quite  remark¬ 
able.  In  the  present  experiment,  all  MEAs  were  assembled  using 
the  same  components  except  for  the  membrane  and  the  test  con¬ 
ditions  were  tuned  according  to  dimensional  change  by  membrane 
swelling.  Therefore,  the  difference  in  the  performance  stability  of 
the  cell  during  the  humidity  cycle  test  should  be  caused  mainly  by 
the  dimensional  stability  of  the  membrane.  This  result  is  in  good 
agreement  with  the  prediction  that  the  improved  dimensional  sta¬ 
bility  of  the  composite  membrane  would  have  a  positive  influence 
on  the  stability  of  the  cell  during  the  humidity  cycle  test. 

4.  Conclusions 

A  porous  PVdF  substrate  has  been  prepared  by  extraction  of 
a  pore  former,  DPhP,  and  the  porosity  is  controlled  by  the  con¬ 
tent  of  the  pore  former  in  the  substrate.  PVdF  substrates  with 
60-80%  of  porosity  are  used  to  impregnate  sPEEK  electrolyte  in 
order  to  provide  good  proton  conduction.  Compared  with  a  Nation 
membrane  and  a  pure  sPEEK  membrane,  the  sPEEK/PVdF  compos¬ 
ite  membrane  exhibits  a  substantial  reduction  in  water  uptake 
and  dimensional  change,  as  well  as  an  increase  in  mechanical 
strength  under  both  dry  and  hydrated  states.  These  improvements 
are  attributed  to  suppressed  hydration  of  the  membranes,  which 
results  from  the  hydrophobic  property  of  PVdF  itself  and  the  effect 
of  the  porous  substrate  as  a  mechanical  support.  A  cell  based  on  the 


composite  membrane  (cP-60)  shows  good  stability  during  humid¬ 
ity  cycle  tests,  whereas  the  cell  performance  using  the  pure  sPEEK 
membrane  showed  significant  degradation.  The  introduction  of  a 
porous  PVdF  substrate  into  a  membrane  is  thus  considered  to  be  an 
efficient  route  for  improving  the  dimensional  stability  of  the  mem¬ 
brane,  which  leads  to  enhanced  stability  of  the  cell  during  humidity 
cycling. 
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